Abstract δ type sunspot groups are known to have high flare productivity and to produce very strong flares. In particular, βγδ type sunspots are the most active type of all. A βγδ active region NOAA 9957 with frequent flux cancelations but without any marked flare activity during its decay phase was studied in this work. Using SOHO/MDI Dopplergrams and magnetograms, we detected continuous prominent downflow motions of 1500-1700 m s −1 for several hours on the magnetic neutral line in this region. In the downflow region, penumbral structure were observed to decay. We will interpret and discuss the phenomenon as one case of submergence of the magnetic flux.
Introduction
Active regions (ARs) are known to be born as emerging flux regions (EFRs), develop their complexities and then decay after exhibiting explosive activities. Among them, βγδ active regions are known to show highly energetic flare activities (Sammis et al., 2000) . However, some δ regions do not show so much violent activities (Zirin and Liggett, 1987) . During the surveying study of βγδ regions, we found an indication of submergence of magnetic flux in an inactive and decaying βγδ region.
We will report the temporal behavior of the region as a case study of magnetic flux decay of the region. In general, the reduction of the observed surface magnetic flux can be attributed to processes such as submergence, rapid or slow dissipation, diffusion by turbulent flow, and reconnection. Submergence was studied by many researchers until now (Wallenhorst and Howard, 1982; Wallenhorst and Topka, 1982; Rabin et al., 1984; Zirin, 1985; Harvey et al., 1999; Kálmán 2001; Chae et al., 2004; Kubo et al., 2010; Iida et al., 2010) . Zirin (1985) studied submergence of small dipole in AR BBSO 18962 and proposed that the flux loop was pulled back down by magnetic tension and submerged. Harvey et al. (1999) studied the disappearance timing of magnetic bipoles in different layers (photosphere, chromosphere and corona). They found that the bipoles disappear earlier in the chromosphere and corona than in the photosphere for 44 % of canceling bipoles. They considered that these cases of magnetic flux cancelation are due to submergence. Chae et al. (2004) reported two cases of 1 km s −1 downflow near the magnetic neutral line (NL) at small cancelation sites in NOAA 10043, and they considered that the flow corresponds to the submergence of an Ω shaped magnetic flux tube. Recently, using Hinode/SOT data, Kubo et al. (2010) and Iida et al. (2010) reported respectively small magnetic flux submergence at flux cancelation sites in the quiet region. These previous works reveal that magnetic flux submergence may occur in some flux cancelation sites without any eruption events and that the submergence is a rather common phenomenon in spite of prevailing buoyant character of flux tubes in the solar atmosphere.
Active region NOAA 9957 on which we report in this paper was classified as βγδ type and showed low activities. We studied the region using data from Michelson Doppler Imager (MDI; Scherrer et al., 1995) onboard the Solar and Heliospheric Observatory (SOHO) satellite for photospheric velocity field and we discovered prominent downflow of 1.5 km s −1 which lasted for about 17 h near the NL. The observational result strongly suggests the occurrence of submergence in the decay phase of βγδ regions.
Data and Analysis
Active region NOAA 9957 was observed for 13 days from 16 May to 28 May 2002 on the solar disk (N3
• -N15 • ). No flare activities were reported from 20 to 26 May in the region, although NOAA 9957 was classified as a βγδ sunspot group during 10 days from 17 to 26 May ( Figure 1 ).
In this study, we use MDI Dopplergrams, magnetograms, and continuum images onboard the SOHO satellite. The data on the magnetic field and white light images have a cadence of 96 min, while Dopplergrams and line of sight (LOS) velocities have a cadence of 1 min. These data have a spatial resolution of 2 arcsec per pixel. Partially, Dopplergrams of 0.6 arcsec per pixel are included for analysis after 20:00 UT, 22 May. Although we describe the analysis method of Dopplergrams taken under the normal mode in the following, we have treated high resolution mode data in a similar manner.
For preparation of our analysis using Dopplergrams, first we removed the effect of solar rotation with the following method. We made a mean Doppler image by averaging all the Doppler images (7689 images) during almost 4 days (from 18 to 22 May), and subtracted the mean image from each image. Secondly, we corrected for the 5 min oscillation by averaging every sequential four images (Figure 2) .
From the time series of magnetograms, we derived the horizontal velocities of magnetic features by the local correlation tracking method (LCT; November et al., 1988) in 96 min temporal step with a window size of 5 × 5 arcsec.
In addition, we applied a labeling method (connected component labeling) to identify notable redshift patches. Our labeling method on binary images is similar to the one described in Gonzalez and Woods (1992) . The redshift patches from Dopplergram data were extracted with a criterion that LOS velocities were above 800 m s −1 . We identified each notable identical patch between consecutive images visually, and investigated their evolution.
We defined the sunspot regions, including penumbrae, as darker ones below 0.9 times the quiet region brightness and measured their area variations. (cf. Brandt et al., 1990; Chapman et al., 1994) . Magnetic flux values of the region were corrected for the projection effect by dividing each pixel data by cos θ cos φ, where θ and φ represent heliographic longitude and latitude, respectively.
Results
Although NOAA 9957 is the most complex sunspot type, i.e., βγδ region, the area rapidly decreased in the observation period from 20 to 26 May without any flare activity ( Figure 3 ). The region was in the decay phase. We have found several redshift patches around the magnetic neutral line in this region (Figure 4 ).
Case Study of Most Prominent Redshift Patch
The most prominent downflow (RS6 in Figure 4 ) appeared in NOAA 9957 from 20 to 21 May 2002 and lasted for about 17 h at a level of 1.0 km s −1 . RS6 was located at 5
• north in latitude. As can be seen in figure 5 , the velocity contour of 300 m s −1 includes both magnetic polarity areas. RS6 disappeared suddenly and penumbral structures in RS6 decayed simultaneously. Visual inspection of magnetogram movies tells us that moat flows continued steadily from the two stable sunspots of positive polarity located west of the NL during the observation period. Neighboring negative polarities also moved on from the east side to the NL. These converging horizontal flows to the NL in the downflow area were also confirmed by the LCT method. Figure 6 shows that the converging flow continued from around 00:00 UT to 04:47 UT on 21 May for about 5 h when the downflow area (RS6) was growing. The converging flows weakened after the decline of the downflow. Figure 7 shows the temporal variation of LOS velocity for the prominent redshift patch (RS6). For comparison, the time variation of LOS velocity associated with the Evershed flow (its redshift part) is also shown. In this figure, the abscissa is the distance from the disk center. The representative median values of LOS velocity in these areas are found to be above 500 m s −1 . The redshifted flow in RS6 showed no pairing blueshifted area; it showed transient behavior, different evolution, and larger Doppler velocity compared to the Evershed flow. Therefore, the flow in RS6 is not due to the Evershed flow. Furthermore, if the observed redshift is due to horizontal flows, the dependence of Doppler amplitude on the distance from the disk center will be similar to the Evershed flow. As the Doppler shift in RS6 behaves so differently, we may conclude that the observed Doppler shift is mainly due to downflow to lower layers.
Next let us consider the magnetic field around RS6. The vector magnetogram obtained at Huairou Solar Observatory Station, National Astronomical Obser- vatories of China (Figure 8) shows that magnetic lines of force ran parallel to the solar surface in the RS6 area. Continuous downflow acting on horizontal magnetic fields would lead to decay of penumbral structures. These observed results strongly suggest the occurrence of a submergence of magnetic Ω loop structure in the area.
Statistical Study of Redshift Patches
We investigated all the redshift patches in NOAA 9957 that showed redshift above 800 m s −1 . The following criteria were used for selection of the patches: They (1) had redshift above 800 m s −1 , (2) occurred near the NL, (3) were located within about 30
• of the central meridian, (4) had no characteristics of the Evershed flow, (5) were clearly identifiable over a period longer than 4.5 h (to be found at least four consecutive MDI magnetograms with 96 min cadence).
As a result, we found nine cases which satisfied the criteria above. We studied the correlation between their LOS velocities and life times and summarized the result in Figure 9 . The maximum velocity during the life time of each patch is taken as a representative value. We can see that almost all of redshift patches have velocities around 1 km s −1 at maximum, and these values do not depend on their life time. Majority of them have life time less than 20 h and they show pulselike temporal evolution as that of RS6. Their transient activities were observed to be intermittent.
Discussion and Conclusions
There are several possibilities for disappearance of active regions: magnetic diffusion, magnetic reconnection, submergence, etc. Active region NOAA 9957 in this study reduced its penumbral area 46 % from 20 May 00:00 UT to 22 May 12:00 UT. The rate of decrease of the penumbral area was 22 % per day over the period of 2.5 days.
Our study shows that the decay in penumbral structures mainly occurred in the vicinity of the NL, and must be strongly associated with magnetic flux cancelations. For instance, in a very small area (20 × 25 ) including RS6, the magnetic flux dropped by 30 % during only one day (Figure 10 ), and this reduction was accompanied by a dramatic decay in the penumbral structures that existed in RS6. We consider that the downflow activities may have caused rapid decay of this AR. In the following we will discuss possible mechanisms of the rapid decay of NOAA 9957. active latitudes is about 10 % per day of the total flux. They also pointed out that the disappearance of active region fields is not due to diffusion, but advection to polar latitudes by meridional flow. Wallenhorst and Howard (1982) checked temporal evolution of average magnetic flux for 25 ARs. Their analysis indicated that the average rate of flux disappearance is also about 10 % per day. The weak background fields below 10 G (gauss) around ARs show no increase compensating for the decrease of total magnetic flux above 10 G. Thus, they concluded that diffusion does not play an important role in the disappearance of the flux. Wallenhorst and Topka (1982) also reported similar results for a small sunspot group associated with Hale AR 17694.
Second, the possibility of reconnection would be checked. When magnetic reconnection occurs frequently in these events, we can expect that the magnetic flux will decrease rapidly and that X-ray emission will be enhanced. As GOES X-ray intensity was at low level and did not show strong flares during our period of study, we can rule out the reconnection as the mechanism of the decay of NOAA 9957.
Finally, possibility of submergence will be considered. Let us discuss the directions of flows in the redshift patches. Are they horizontal or vertical? As mentioned above in Section 3.2, the strong Doppler signals observed near the NL are almost all redshifts. If we suppose this phenomenon as due to horizontal flows seen from a certain direction, the Doppler signals must change from red to blue (or from blue to red) when the patches cross the central meridian. However, we never detected such an effect. When the horizontal flows have random directions, it is highly likely that both redshift and blueshift will be found. Therefore, this possibility is ruled out from the observational results, and the flows in the redshift patches will be vertical.
Another argument supports the view of the vertical flow. RS7 took place near the meridian (W6
• -W7
• , N13
• ) and always indicated redshift velocity of around 1 km s −1 . If the redshift is due to horizontal flow, the absolute flow speed reaches 4 km s −1 . It is not likely that such a phenomenon of sonic-speed level occurs in the photosphere and lives for several hours, which have never been reported.
In case of RS6 as mentioned in Section 3.1, the converging horizontal flows near the NL would enhance the gas density there, and will turn to downward directions around the NL by the gravitational force. We also notice that the converging flows will carry the foot points of magnetic flux tubes to the NL. We expect that these effects will drive downward motion of magnetic flux tubes near the NL as will be discussed in the next paragraphs.
We propose the following physical pictures for explaining the phenomenon in Figure 11 . Moat flows from the two positive polarities adjacent to the strong downflow area continued during the observational period. The proper motion of negative polarities from east to the NL also continued for a long duration (19 − 22 May). There are two possibilities on how the drag force due to the moat flows works on the magnetic flux; either above or below the solar surface. One possibility is that the moat flows mainly act on the magnetic flux above the solar surface and directly drag the flux downwards.
Another possibility is that the moat flows act on the magnetic flux below the surface and enhance the magnetic tension force. Since the magnetic buoyancy is balanced with the magnetic tension force in an emerged and stabilized magnetic flux tube, we obtain the following relation (cf. Parker, 1955 Parker, , 1984 Priest, 1982) :
where ρ e and ρ i represent the mass densities outside the tube and inside the tube, respectively, and L c is the critical separation of the anchor points for an emerging tube. Pariat (2004) pointed out that L c is around 2000 km. The converging flow as shown in Figure 11 will reduce the separation of the anchor points of a bipole. When L becomes smaller than L c , the magnetic tension force overcomes the magnetic buoyancy and the magnetic bipole will submerge. As the flows from both sides of the NL continued for 5 h with the velocity of 0.1 − 0.2 km s −1 at the surface as shown in Figure 6 , both foot points that were originally separated by 7000 km (≈10 ) will come together to ≈2000 km. Therefore the foot-point separation of the magnetic tubes near the NL become smaller than L c and the submergence of tubes will be driven near the NL.
This simple estimation tells us that continuous converging flow near the NL can trigger the submergence not only in δ type sunspots as NOAA 9957 but also in any other types of sunspots. If the magnetic tube lies nearly horizontally and weakly convex to the vertical, submergence is likely to be driven by converging horizontal flows.
During the disk passage of NOAA 9957, there were many redshift patches near the NL as described in Section 3.2. So we can presume that these phenomena of submergence are rather common although they have not been detected masked by other violent activities.
We may summarize our conclusions on these phenomena in the AR NOAA 9957 as follows.
(1) In a rapidly decaying βγδ type AR NOAA 9957, we have detected continuous and prominent downflow patches on the magnetic neutral line.
(2) The downflow motions occurred intermittently with an average lifetime of 12 h. (3) Near the downflow area, converging horizontal flow to the NL from both sides was found to continue for almost 5 h. We suppose that the moat flows from two large positive polarities promote or drive the phenomenon. (4) Several submergences occurred along the NL which were accompanied by the flux cancelations and low flare activities.
We suggest that these phenomena may be one of the mechanisms of active region decay irrespective of sunspot types.
